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ABSTRACT 

Th«  Mroiol  stability  and  rasplratory  Infactivlt^y^f  Laaaa  virus  vara 
asssssad.  Aacoaol  stability  datarminatlons  wara  psrf  24°G  and  aach 

of  thraa  ralatlva  humldltlaa  (RH)  (30»  55,  and  80%).  il\hlg^]^  significant 
dlffaranoa  axlstad  batvaan  aarosol  atablllty  at  301  RH  and  stability  at  55 
and  80%  RHt  Among  all  RH|  75 « 3%  of  tha  virus  In  suspsnslQn  was  iklrboma  and 
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Infsctlva  at  4  min  (73X  af flclancy) #  Biological  half-llfa  values  nn  aarosol 

,  \ 

of  54i6,  21. 5 I  and  17.5  min  wara  detarmlned  for  RH  of  30 »  35,  and  dtoX, 

raipactlvsly.  Infactlvlty  of  tha  Joalah  strain  of  Lassa  virus  for  oynomolgus 

monkays  and  outbrad  guinea  plga  was  avaluatad  using  dynamlel  aarosol  l^qulpment. 

All  nine  oynomolgus  monkays  exposed  to  doaaa  varying  from  to  le^-^ppu 

/'s. 

wars  inf  acted  and  died.  For  outbrad  guinea  pigs,  tha  Lp^^^and  I^^'^valuas  were 
FFU,  raspactlvaly.  High  tlcars  of  Infectious  v^nis  wara 

racovarad  from  the  upper  rasplratory  tract,  lungs,  and  splaan  of  saquantlally 

/ 

klllad  gulnaa  pigs.  Cone ant rat ions  of  virus  in  the  brain  and  liver  wara  analogous 
to  those  In  tha  blood.  Tranamisaion,  thsrafora,  appaared  to  occur  via  the 
rosplpatory  tract,  rathar  than  by  direct  transport  across  tha  cribriform  plate 
to  tljssues  of  tha  central  nervous  system.  Vlremla  and  tissue  infection  paralated 
throughout  tha  30-day  study  period. 
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L«ic«  virus t  an  srsnsvlrusi  is  •ndsnle  In  wsstsm  Africa  and  causes  a 
severe  gsnerallsed  hemorrhagic  dlaaasa  In  humans  (3,  4|  11) •  Savaral  outbraakSi 
with  mortality  rates  of  20  to  40X,  have  bean  reportad  .sines  the  Initial 
dascrlptlon  of  the  disease  In  1969  (4,  11).  Infections  elSQ  have  bean  Induced 
and  described  In  outbrad  guinea  plgSi  and  squirrel  and  rhesus  monkeys  (7|  13). 
Recently  other  animal  apaclas  ware  avaluatad  for  susceptibility  to  Lassa  virus 
Infection.  Spades  assessed  wore  Inbred  guinea  pigs  and  cynomolgusi  African 
green I  and  oapuehln  monkeys  (F.  Jahrling  at  al.»  manuscript  In  praperaclon) • 
The  mods  of  transmission  of  Lassa  virus  has  not  bean  elucidated.  Epi¬ 
demiologic  evidence,  however,  suggaata  that  the  virus  may  be  disseminated  In 
droplets,  with  the  upper  respiratory  and  gastrointestinal  tracts  being  the 
portals  of  entry  (3,  11).  Development  of  severe  pulmonary  lesions  In  soma 
patients  with  Lease  fever  lends  further  credence  to  the  theory  of  airborne 
transmission.  Studies  ware  designed,  therefore,  to  (1)  determine  the  aerosol 
stability  aharaccerlstlcs  of  Lassa  virus,  (11)  assess  the  Inf activity  of  the 
virus  for  outbrad  guinea  pigs  and  cynomolgua  monkaya  challenged  with  Infectloua 
aerosols,  and  (111)  partially  characterise ' the  pathogenesis  of  the  Infections 


Induced . 
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MATERIALS  AMD  METHODS 

Virus ■  Ths  Joslsh  scraln  of  Lasss  virus,  which  had  bsan  isolatsd  from 

human  serum  (lA) ,  was  used.  Inocula  were  prepared  from  virus  chat  had  been 

passaged  four  times  In  monolayer  cultures  of  Varo  calls.  Stock  virus  suspension, 
6  8 

containing  10  '  PFU/ml,  was  made  In  Bagla's  minimal  essential  medium  with 
Earle's  salts  and  nonessentlal  amino  acids  (EMEM)  plus  SX  fetal  bovine  serum 


Aerosol  stablllCv  evaluation.  Aerosol  stability  oharaecerlstios  were 
defined  using  methods  previously  reported  (10).  For  each  trial,  1.0  ml  of 
acock  virus  suspension  was  disseminated  Into  a  6,200-llcer  aerosol  chamber 
using  an  FK-8  atomiser.  Aerosols  ware  sampled  for  5  min,  using  standard  all¬ 
glass  Implnger  (AGI-30)  samplers  (2),  at  aerosol  ages  of  4,  32,  and  60  min. 
Collection  fluid  In  the  samplers  consisted  of  20  ml  of  EMEM  supplemented  with 
SX  FBS,  100  units  of  penlclllln/ml,  100  ug  of  streptomycln/ml,  and  O.IX 
antifoam  (Dow-Comlng  AnClfoam  Y-30  Emulsion) .  Stability  of  Lasse  virus  In 
aerosols  was  evaluated  at  2A°C  (75°F)  and  each  of  throe  relative  humidities 
(30,  SO,  and  80X  BH) . 

Animals .  Outbrsd  Hartley  strain  guinea  pigs  (160-300  g)  of  either  sax 
were  obtained  from  Buckberg  Laboratory  Animals,  Inc.  (Tomkins  Cove, .MY). 
Eleven,  healthy,  clinically  normal  cynomolgus  monkeys,  weighing  2.0  to  3.5  kg, 
also  were  used.  Animals  were  maintained  In  appropriate  cages  and  were  given 
water  and  ration  pellets  ad  libitum  throughout  the  study.  All  procedures 
were  performed  within  total  containment,  gas-tight  biological  safety  cabinets 


fitted  with  arm-length  rubber  gloves. 

Respiratory  ehallenae.  Animal  exposures  were  performed  using  dynamic 
aerosol  equipment  as  described  previously  (10).  When  exposing  guinea  pigs,  ths 
Henderson-type  aerosol  transit  tube  was  modified  by  Incorporation  of  an  animal 
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exposur*  box*  Cynomolgus  monkays  war*  axpoaad  Individually  ualng  a  haad 
helmet  (1)  attached  to  the  transit  tuba.  Each  animal  waa  exposed  for  10  min 
to  an  aerosol  with  90X  of  the  vlrua-eontalnlng  particles  of  <4.5  pm. 

Respiratory  minute  volumaa  vara  aatlmatad  using  Ouyton'a  formula  (5).  Total 
Inhaled  doses  ware  calculated  from  the  minute  volumes  and  the  aerosol  concen¬ 
tration  of  virus  dallvered. 

Virus  essay.  Flaqua  assay  prooedurea  were  used  to  quantitate  virus  In 

'  suspensions  I  aerosol  aamplea,  and  animal  tissue  specimens.  Plaques  were 

2 

enumerated  using  confluent  Veto  cell  monolayers  In  6-well  (9.6  cm  /well) 
plastic  plates  (Llnbro  Scientific  Co.|  lnc.»  Mew  Haven,  CT) .  Call  cultures 
ware  Inoculated  with  0.2  ml  amounts  of  Inoculum,  diluted  In  Hank's  balanced 
salts  solution  containing  23  lAM  HEPES  buffer,  2X  FBS,  and  antiblotica.  Viruses 
ware  adsorbed  for  1  h  at  36°C,  then  the  cultures  were  overlaid  with  3  ml  of 
medium  containing  Eagle's  baaal  medium  with  Earle's  salts,  4X  FBS,  23  mM  HBFBS 
buffer,  antibiotics,  and  0.3X  agarose  (Sea-Kamt  Marine  Colloids,  Rockland, 

ME) .  After  the  cultures  were  incubated  at  36°C  In  a  5X  CO2  atmoaphera  for 
3  days,  3  ml  of  secondary  media,  comprised  of  the  same  medium  plus  neutral  red 
at  a  final  concentration  of  ltl0,000,  were  added.  Plaques  were  counted 
following  Incubation  for  an  additional  24  h. 

Serology.  Assays  for  humoral  antibodies  were  performed  using  Jahrling's 
(6)  modification  of  the  indirect  Immunofluorescence  antibody  (IFA)  procedure 
originally  described  by  Peters  et  al.  (12).  The  endpoint  was  the  highest 
dilution  of  serum  that  caused  definitive  granular  fluorescence  of  the  cytoplasm 
of  Infected  cells. 

Pathogenesis.  Outbred  Hartley  guinea  pigs  (average  192  g)  were  exposed 
to  aerosols  of  Lasas  virus  yielding  total  Inhaled  dosaa  of  10^'^^  PFU.  Two 
guinea  pigs  ware  killed  at  each  of  nine  Intervals  until  30  days  after  exposure. 
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Portions  of  tlssus  spselmsns  to  be  tsstod  for  prsssnc*  of  virus  wsrs  homogsnlssd 
to  30%  (w/v)  suspsnslons  In  the  nsms  nsdlum  as  for  sarosol  colltctlon.  Homo** 
gsnlsatlon  w«s  •ttslnsd  using  «  Modal  SDT  182N  Tlssusmlstr  (Tsicmar  Co. • 
Cincinnati I  OH).  Tha  tissue  suspanslona  and  blood  aamplas  wara  usad  as  Inooula 
for  virus  assay. 


RESULTS 


Aerosol  BfbllltVi  A  toCal  of  four  replicate  aerosol  trial'  «raa  evaluated 
for  each  of  the  three  RH  (30,  55,  SOX).  Data  for  these  evaluations  are  aumaarlsed 
In  Fig.  1  and  Table  1.  Among  ell  of  the  RM,  75.3  i  9. 6X  (mean  ±  SB)  of  the 
virus  In  the  stock  suapenslnn  wee  airborne  and  Infective  at  4  min  after  dieaeml* 
nation.  The  differences  in  aerosol  decay  rate  nt  5f>  and  SOX  SH  were  not  significant 
(P  <  0.05).  By  contrast,  a  highly  significant  difference  existed  between  aerosol 
stability  at  30X  RH  end  stability  at  either  55  or  BOX  RH  (P  <  0.001) .  The  mean 
total  decay  rates,  which  Include  both  physical  and  biological  decay,  were  2.8, 

4.7,  and  5.5X/inln  for  RH  of  30,  55,  and  BOX,  respectively.  Adjustment  of  these 
values  for  physical  decay,  which  has  bean  eotabllahed  previously  for  our  static 
system  to  be  1.5X/mln  (9),  yields  biological  decay  races  of  1.3,  3.2,  end  4.0X/mln 
for  Che  respective  RH  (Table  1) .  These  decay  rates  correspond  to  Lasse  virus 
biological  half-lives  In  aerosols  of  54.6  min  at  30X  RH,  21.5  min  at  55X  RH,:and 
17.5  min  at  SOX  RH. 

Respiratory  dose-responae.  When  respiratory  dose-response  cltreClona  were 

performed  in  guinea  pigs  (Table  2),  the  median  lethal  dose  vLD^q)  was  astlmatad 

to  be  10^*’^  PFU  (95X  CL  10^’°^  to  10^*^®).  At  this  challenge  dose  the  mean 

time  to  death  was  approximately  24  days}  however,  this  parameter  was  not  affected 

appreciably  by  differences  In  virus  exposure  concentrations.  By  contrast,  the 

1  18 

median  Infectious  dose  (II) jq)  lor  guinea  pigs  was  10  '  PFU,  with  ■95X  CL  of 
0  85  1  52 

10  *  to  10  '  .  All  nine  cynomolgus  monkeys  died  chat  were  exposed  to 

2  67  4  39 

concentrations  of  Lasse  virus  ranging  from  10  '  to  10  ‘  PFU;  therefore,  the 
LDjq  for  Lessa  virus  Infections  In  cynomolgus  monkeys  could  not  be  astlmated. 

The  mean  time  to  death  was  not  related  to  virus  exposure  dose,  and  the  geometric 
mean  for  all  nine  monkeys  was  14.1  days. 

Pathogenesis.  Oulnsa  pigs  chat  died  from  Lasse  virus  Infection  exhibited 
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only  mlnlnwl  clinical  signs  of  lllnsss  prior  to  daathi  Signs  wars  llnltad  to 

rough  hair  coats  and  laborad  rasplratlon  during  tha  tamlnal  24  to  48  h. 

Concantratlons  of  virus  In  salaetad  tissues  of  gulnaa  pigs  following  axpoaura 

4  11 

to  an  inhalad  doaa  of  10  *  PFU  ara  shown  In  Fig.  2  and  Table  3.  Those  data 
suggested  that  tha  virus  repllcatad  Initially  In  the  lungs,  than  spread  via 
the  circulatory  ayatem  to  other  organs.  High  tltara  of  virus  ware  evidenced 
in  the  lungs,  upper  respiratory  tract  (URT;  comprised  of  nalnstsm  bronchi, 
traehoa,  nasal  turbinates,  and  pharynx),  and  spleen.  Conoantraelons  of  virus 
In  tha  brain  and  liver  ware  similar  to  those  detected  In  the  blood.  Viramla 
and  tlSBUo  Infection  ware  still  dateotable  on  day  30  in  one  of  tha  two  guinea 
pigs  examined  at  that  time. 

2  67  4  39 

Cynomolgus  monkeys  given  Inhaled  doses  of  10  *  to  10  ‘  PFU,  similar 
to  guinea  pigs,  exhibited  few  overt  clinical  signs  of  disease  prior  to  death. 
Hyperthermia  commonly  developed  4  to  6  days  before  death,  with  rectal  temperatures 
ranging  from  39.7  to  40.6°C  (103.3  to  IOS.O^’f).  Monkeys  with  lethal  infections 
progressed  from  a  state  of  Inactivity  to  lethargy  during  the  terminal  72  h.  Just 
prior  to  death,  the  monkeys  ware  unable  to  rise  or  to  transfer  food  manually  to 
their  mouths;  approximately  30X  developed  clonic  convulsions  a  few  hours  before 
dying.  Histopathologic  alterations  observed  In  tissues  obtained  from  two  of 
the  monkeys  were  less  severe  and  extensive  than  expected  for  a  lethal  Infection. 
The  principal  histopathologic  alterations  observed  were  mild,  multifocal 
pneumonia,  hepatitis,  myocarditis,  and  choroiditis. 
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DISCUSSION 

Suspensions  of  Lessa  virus  In  tissue  culture  medium  can  be  disseminated 
efficiently  as  aerosols  in  particles  with  a  size  range  capable  of  remaining 
airborne  and,  when  Inhaled •  being  deposited  In  the  respiratory  tract  of 
animals  and  humans.  Further •  the  virus  la  relatively  stable  after  dissemination 
in  aerosol  over  the  range  of  30  to  80%  RH.  Biological  decay  rates  for  Lasse 
virus  In  aerosol  were  estimated  to  range  from  1.3  to  4.0X/mln.  Virus  half- 
lives,  therefore,  vary  from  17.5  min  at  80%  RH  to  54.6  min  at  30% •  These  aerosol 
stability  characteristics  exhibited  by  Lasse  virus  substantiate  the  theory  of 
potential  hazard  of  airborne  transmission  of  this  virus  In  laboratory  environments 
and  possibly  In  nature. 

Both  outbred  Hartley  guinea  pigs  and  cynomolgus  monkeys  were  susceptible 

to  Infection  with  Lasaa  virus  when  It  was  administered  by  the  airborne  route, 

with  an  estimated  lu  guinea  pigs  u£  15  PFU.  Lethality  of  the  aerosol- 

induced  Infection  mimicked  the  mortality  results  obtained  for  each  species 

after  subcutaneous  Injection  of  virus  (P.  B.  Jahrllng  et  al.,  manuscript  In 

preparation) .  The  mortality  rate  In  outbred  guinea  pigs  never  exceeded  50% 

3  73 

at  any  exposure  dose  up  to  10  PFU,  thus  precluding  establishment  of  a 

definitive  Possibly  Strain  13  guinea  pigs  would  provide  a  more  sensitive 

model  for  Lasaa  virus  airborne  transmission  studies,  as  they  are  more  sensitive 
than  outbred  guinea  pigs  to  Infection  with  Lasse  virus  (P.  B.  Jahrllng  et  al., 
manuscript  In  preparation)  and  ocher  arenaviruses  (8)  when  the  virus  Is 
presented  by  the  subcutaneous  route.  Additional  studies  are  needed  to  define 
the  limits  of  Infectlvlcy  and  lethality  of  Lasse  virus  for  cynomolgus  monkeys 
challenged  via  the  respiratory  route. 

Data  obtained  for  virus  population  dynamics  In  tissues  of  outbred  guinea 
pigs  Infected  by  the  aerosol  route  were  analogous  to  those  reported  for  strain 
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13  guinea  plge  given  virus  aubcutaneouely  (F.  B.  Jahrllng  et  al.,  manuacripc 
in  preparation)#  Concentrations  of  Lassa  virus  in  the  various  tissues,  however, 
were  about  10-£old  greater  in  the  aerosol  exposed  outbred  guinea  pigs,  which 
correlated  more  closely  to  the  previous  findings  in  rhesus  monkeys  challenged 
subcutaneously  (7) .  Apparently  Increased  virus  replication  must  occur  in  the 
less  susceptible  animal  before  pathologic  alterations  will  develop  that  lead 
subsequently  to  death.  The  principal  sites  of  viral  replication  after  aerosol  1 

exposure  appeared  to  be  the  lungs  and  spleen.  Evidence  was  lacking  for  virus 
transport  from  the  nasopharynx  directly  across  the  foramina  of  the  cribriform 
plate  to  the  brain.  In  contrast  to  the  findings  with  Japanese  B  encephalitis 
virus  (10),  Lasse  virus  concentrations  in  the  brain  were  low  and  probably  can 
be  attributed  to  the  existing  vlremia. 

Although  the  pathogenesis  of  infection  with  some  microorganisms  differs 
with  the  portal  or  mode  of  entry  of  the  agent,  ths  pathogenesis  of  Lassa  virus 
appeara  to  be  independent  of  these  factors.  It  is  postulated,  thersfore,  that 
the  sequence  of  virus  events  following  exposure  of  animals  to  infectious  aerosols 
is:  <1)  deposition  of  infectious  virus  throughout  the  respiratory  tract 
followed  by  initial  viral  replication  in  susceptible  cells,  (li)  development 
of  a  vlremia  that  results  in  hematogenous  spread  to  other  organs,  and  (ill) 
replication  of  virus  throughout  the  body  with  the  principal  target  organ  being 
the  spleen.  This  observation  is  consistent  with  reports  of  Lassa  virus 
infection  in  guinea  pigs  (P.  B.  Jahrllng  et  al.,  manuscript  in  preparation) 
in  which  the  liver  did  not  have  a  major  role  in  the  pathogenesis  of  disease, 
as  it  does  in  infected  humans  and  primates. 

Our  data  suggest  that  airborne  transmission  of  Lassa  virus  in  nature  is 
a  definite  potential.  The  high  concentration  of  virus  (10^*^  PFU/g)  which 
developed  in  the  upper  respiratory  tract,  combined  with  the  stability  of  ths 
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vlrue  In  aerosol,  provides  an  outstanding  opportunity  for  distribution  of  virus 
In  nasal  discharges •  Thus,  the  respiratory  tract  likely  may  be  a  principal 
portal  of  entry  for  vlrua  In  natural  cases  of  disease. 
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The  aerosol  stability  and  respiratory  Infactlvity  of  Lassa  virus  wars  aaseasbd. 
Aerosol  stability  dscarminatlons  were  performed  at  24  C  and  Bach  of  three 
relative  humidities  (RH)  (30,  53,  and  80%).  A  highly  significant  difference 
existed  between  aerosol  stability  at  30X  RH  and  stability  at  33  and  BOX  RH. 

Among  all  RH,  73. 3X  of  the  virus  in  suspension  was  airborne  and  infective  at 
4  min  (73X  efficiency).  Biological  half-life  values  in  aerosol  of  54.6,  21.5, 
and  17.5  min  were  determined  for  RH  of  30,  53,  and  SOX,  respectively.  Infectivll 
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of  the  Josiah  strain  of  Lassa  virus  for  cynomolgus  monkeys  and  outbred  guinea 
pigs  was  evaluated  using  dynamic  aerosol  equipment.  All  nine  cynomolgus  monkeysl 
exposed  to  doses  varying  from  lO^*®'  to  10^ pi'U  were  infected  and  died.  For 
outbred  guinea  pigs,  the  LD.q  and  ID-q  values  were  103*73  lol'l®  PFU, 
respectively.  High  titers  of  infectious  virus  were  recovered  from  the  upper 
respiratory  tract •  lungs,  and  spleen  of  sequentially  killed  guinea  pigs. 
Concentrations  of  virus  In  the  brain  :.nd  liver  ware  analogoua  to  those  in  the 
blood.  Transmission,  therefore,  appeared  to  occur  via  the  respiratory  tract, 
rather  then  by  direct  transport  across  the  cribriform  plate  to  tissues  of  the 
central  nervous  system.  Viremia  and  tissue  Infection  persisted  throughout  the 
30-day  study  period. 
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